Summary Everything that we need to know about My cobacterium leprae, a dose relative of the tuberde bacillus, is encrypted in its genome. Inspection of the 3·27 Mb genome sequence of an armadillo-derived Indian isolate of the leprosy bacillus identified 1,605 genes encoding proteins and 50 genes for stable RNA species. Comparison with the genome sequence of Mycobacterium tuberculosis revealed an extreme case of reductive evolution, since less than half of the genome contains functional genes while inactivated or pseudogenes are highly abundant. The leveI of gene duplication was -34% and, on dassification of the proteins into families, the largest functional groups were found to be involved in the metabolism and modification of fatty acids and polyketides, transport of metabolites, cell envelope synthesis and gene regulation. Reductive evolution, gene decay and genome down sizing have eliminated entire metabolic pathways, together with their regulatory circuits and accessory functions, particularly those involved in catabolism. This may
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Deterrnining the complete genome sequence of a strain of My cobacterium leprae was one of the highest priorities defined for leprosy research and control programmes at the joint WHO/Sasakawa Memorial Health Fund meeting held in Bangkok in 1995. It was clear to all participants that genornics would not only provide understanding of the unusual biology of M. leprae but that the information thus obtained would underpin leprosy research in what are hopefully the final years of the elirnination campaign. The choice of the strain to be sequenced was influenced by the disease burden and as a result we chose to work with a patient isolate from Tarnil Nadu, lndia, one of the worst affected countries.
ln order to produce sufficient bacilli to extract DNA for library construction this strain, referred to as TN, was passaged in the armadillo. J An immortalized source of DNA was then obtained in the form of a cosrnid library and this will facilitate future functional studies ? The DNA sequence of the TN strain of M. leprae was obtained by a combined approach employing automated DNA sequence analysis of selected cosrnids and whole genome shotgun clones. 2 , 3 After assembling the subsequences, the complete genome sequence was regenerated and this was subj ected to bioinformatic analysis so that the genes, their control signals, repetitive elements and other genornic features could be identified. Comparison of the genome sequence and gene set of the TN strain with those of other organisms was then undertaken. Comparative genornic analysis with the tubercle bacillus, My cobacterium tuberculosis H37Rv, was found to be a particularly powerful approach that enabled much of the biochernistry, physiology and genetics of M. leprae to be predicted and unraveled. The principal findings of this analysis were presented in the original landmark publication which the reader should consult for further details. 4 Here we present a brief summary and an update of some of the findings.
ResuIts and discussion

ORGANIZATlON AND SEQUENCE OF THE GENOME
The complete genome sequence of the TN strain of M. leprae was found to contain 3,268,203 bp, and to have an average G + C content of 57 ·8%. There is a single circular chromosome and no plasrnids. Bioinformatics predicted the existence of 1605 genes encoding proteins and a further 50 that code for stable RNA molecules. These values are much lower than those reported for the genome of the H37Rv strain of M. tuberculosis, comprising �4000 genes, at 4,411,532 bp and 65·6% G + c. 5 On analysis of the first complete M. leprae cosrnid sequence in 1993, only 50% of the sequence was found to contain functional genes? At that time, meaningful comparisons were very lirnited as few other sequences were available and no clues could be found to the possible function of the remaining 50% of the DNA. However, the availability of the M. tuberculosis genome sequence in 1998 changed things radically and enabled detailed pairwise comparisons of the genome and proteome sequences of both pathogens to be undertaken. 5 , 6 These revealed that only 49·5% of the genome of M. leprae was occupied by protein-coding genes while at least 27% of the sequence contained recognizable Figure 1 . See enclosed poster. Organization of the genome of the TN strain of M. leprae. Only those genes predicted to be active are shown and their functions are colour coded as follows: lipid metabolism, black; intermediary metabolism and respiration, yellow; information pathways, pink; regulatory proteins, sky blue; conserved hypothe tical proteins, orange; unknown, light green; insertion sequences and phage-related functions, blue; stable RNAs, dark blue; cell wall and cell wall processes, dark green; virulence, detoxification and adaptation, white; PE and PPE protein families, magenta. For the sake of clarity the pseudogenes are not indicated but these occur in ali empty regions. The scale is shown with !O or 100 kb intervals. Genes shown above the line are transcribed from left to right, those below from right to left.
pseudogenes, inactive reading frames with functional counterparts in the tubercle bacillus. The remaining 23 ·5% of the genome did not appear to be coding at alI, and probably contains gene remnants mutated beyond recognition together with the regulatory sequences that usually occur in intergenic regions.
The distribution of the 1,114 recognizable pseudogenes was essentially random through out the genome (Figure 1 ; see attached poster of M. leprae genome). However, the 1605 potentially active genes tend to occur in clusters often ftank:ed on both sides by long stretches of seerningly non-coding DNA.
REDUCTIVE EVOLUTION
The process by which large-scale loss of gene function arises has been termed reductive evolution. It has been observed in a number of important human pathogens such as the obligate intracellular parasites Rickettsia and Chlamydia Spp. 7 and this suggests that genes become inactivated once their functions are no longer required in these highly specialized niches. ln some endosymbionts such as the Buchnera spp., which are related to the enteric bacteria and found in aphids, reductive evolution has proceeded so extensively that the genome size is thought to have been reduced from -4·5 to 0·64 Mb. 8 There are few pseudogenes in this case, and deletion appears to have been the dominant means of genome downsizing. One hypothesis, known as Muller's ratchet, has been proposed to explain reductive evolution. This involves the stochastic loss of genetic material and results in decreased fitness and little genetic variability. ln part, this is due to the inability of organisms with no sex-cycle to acquire DNA and hence to repair genetic lesions through acquisition of new genes or by recombination. Obviously, as a consequence of its highly specialized niche, the only organism with which M. leprae can exchange DNA is the human host.
Until the sequence of M. leprae became available, the most extensive genome degradation reported in a pathogen was in Rickettsia prowazekii, the typhus agent, where only 76% of the potential coding capacity was used. 9 ln comparison with M. leprae, the leveI of gene loss detected in R. prowazekii was modest, and it is notable that elirnination of pseudogenes by deletion lags far behind gene inactivation in both pathogens, in contrast to Buchnera. 8 lnterestingly, the G + C content of the functional genes in the leprosy bacillus (60· 1%) is higher than that of the recognisable pseudogenes (56·5%), which is in tum greater than that of the remainder of the genome (54·5%), which may have undergone the most extensive decay. This suggests that the relatively high G + C content of M. leprae, and by extension, the other mycobacteria, is driven by the codon preference of the active genes, while random mutation within the non-coding regions causes them to drift towards a more neutral G + C content that is closer to that of the host. Dearnination of cytosine residues in the DNA is a possible mechanism to account for this trend. This process would account for the leprosy bacillus having the lowest G + C content of alI mycobacteria and it is noteworthy that the genomes of organisms that have undergone reductive evolution are generally richer in A + T. lO When one examines closely the genes that have been lost or inactivated during the reductive evolutionary process, clear trends are observed that conform to Darwinian theory and testify to the importance of selective pressure. For instance, M. tuberculosis is capable of anaerobic respiration using nitrate as terminal electron acceptor in a reaction catalysed by nitrate reductase and using electrons from the quinone pool of the respiratory chain. Nitrate reductase comprises four subunits, encoded by narGHIJ, and uses a complex cofactor, molybdopterin, which is synthesized by at least nine moe/moa genes and requires molybdate to be taken up from the extracelIular medium by the ABC-transporter encoded by modABC. 5 ln the tubercle bacillus, the only other enzyme predicted to use molybdopterin as cofactor is formate dehydrogenase and many microbes are capable of growing on a defined medium containing formate and nitrate as sole carbon and energy sources. M. leprae has pseudogenes corresponding to both of these enzymes and for almost alI of the proteins required to transport molybdate and to insert it into the pterin ring. Apparent1y, once the need to use the formate nitrate pathway was lost, the genes for the entire system acquired mutations and decayed as none of their functions was required.
GENOME OOWNSIZING
Reductive evolution involves gene loss through mutational inactivation and deletion. If one makes the reasonable assumption that the genomes of M. leprae and M. tuberculosis were once topologicalIy equivalent and roughly 4-4 Mb in size, as is the case for many other slow growing mycobacteria, 11 -13 then extensive downsizing must have occurred during evolution of the leprosy bacillus since its genome is <7 5% of the size of that of M. tuberculosis. 4 It seems likely that recombination events involving repetitive DNA were responsible for both a reduction in genome size and the rearrangement of chromosomal segments that led to the 10ss of global synteny between the genomes of the tubercle and leprosy bacilIi. 4 This is discussed further in this issue. 14 A 1·1 Mb reduction in the size of the genome would have eliminated � 11 00 protein coding sequences, and M. leprae should, therefore, produce 3000 proteins compared to the 4000 predicted in M. tuberculosis. On proteomic analysis of M. leprae, only 391 soluble protein species were detected, IS compared to nearly 1800 in M. tuberculosis. 1 6 This is entirely consistent with the large number of pseudogenes in M. lepra e and excludes the possibility of gene expression by a novel mechanism such as RNA editing. Since diverging from the last common mycobacterial ancestor, the leprosy bacilIus may have 10st over 2000 genes, and reductive evolution has probably defined naturalIy the minimal gene set for a pathogenic mycobacterium.
At present, little is known about the genomic diversity of different isolates of M. leprae as very few studies have been undertaken. No differences in genomic organization were uncovered by restriction fragment length polymorphism analysis 17 and the systematic sequence analysis of two regions of the genome of several different isolates of M. leprae revealed no single nucleotide polymorphisms? These regions correspond to the pseudogenes ML 1873, ML 1874, ML 1 884 and ML 1 885 , which are functionally inactive and should, therefore, be more prone to divergence as they are under less selective pressure. This sequence conservation suggests that the immediate ancestor of the present leprosy bacillus had already undergone reductive evolution and that a single clone then expanded and was disseminated globally. Sequence and micro-array analysis of more M. leprae isolates wilI shed further light on possible strain divergence and the emergence of the disease.
Of the 1605 genes predicted in M. leprae, there are 1440 which are also found in tubercle bacilli and 165 genes that have no orthologue in M. tuberculosis. Of the latter, some functional information could be predicted for 29 genes by bioinformatics, while the remaining 136 show no similarity to known genes elsewhere. It is highly likely that many of these will also be pseudogenes as they are generally shorter than average and occur in regions of low gene density. 4 ln consequence, M. leprae may produce as few as 1500 proteins. ln most cases, these proteins have been assigned roles in housekeeping functions, information pathways, various metabolic pathways, and so on, 4 and they will not be discussed further here. A complete functional list may be found at http ://www.pasteur.fr/ recherche/uniteslLgmb/NATURE_DAT AJML_gene_Iist. From Figure 2 , which presents the classification into the 11 functional categories used previously, 5 it can be seen that the major groups contain genes for central and intermediary metabolism, cell wall processes and conserved hypothetical proteins. Issues such as why M. leprae grows so slowly and resists attempts at in vitro culture are discussed elsewhere in this issue. 1 8 Instead, we will now concentrate on those proteins, and the principal protein farnilies, that have not been described previously in detail.
MULTlGENE FAMILlES
The majority of the genes (52%) present in M. tuberculosis arose from gene duplication events and this process may have conferred extensi ve functional redundancy. 6 Many of these genes are involved in lipid metabolism or encode the novel glycine-rich proteins of the PE and PPE farnilies. Slightly more than 34% of the proteins now found in M. leprae are the products of gene duplication events, or share common domains, as defined by the bioinfor matic routines used here. 6 , l9 There are far fewer farnilies of duplicated proteins than in the tubercle bacillus and they are much smaller in size as a result of reductive evolution. For instance, whereas M. leprae contains 87 families containing two members and 37 with three members, M. tuberculosis has 213 and 72, respectively.
The duplicated genes have been classified into partitions on the basis of their sirnilarity and part of this information is presented in Table 1 . As in the tubercle bacilli, the largest partition, P46. 1, contains enzymes involved in polyketide synthesis and fatty acid metabolism (Table 1) , and this again underlines the importance of these activities to slow growing mycobacterial pathogens. The second and third largest protein farnilies in M. tuberculosis are those for the 167 PE and PPE proteins; their counterparts in M. leprae are considerably smaller accounting for only 12 members (P5.8, P7.2, Table 1 ) collectively, although about 30 pseudogenes also exist. None of the PE or PPE proteins predicted to be produced by M. leprae contain the multiple C-terminal repetitions that are suspected of being involved in antigenic variation. 5 Retraction of these gene farnilies, which are exceptionally GC-rich, partly contributes to the difference in the respective genome sizes of the tubercle and leprosy bacilli, and to the much lower GC content of M. leprae.
From Table 1 , it can be seen that the major protein families are involved in lipid or polyketide metabolism, modification and synthesis of cell envelope components (methyl transferases, glycosyltransferases), transport processes (ABC transporters, MmpL proteins), or in gene regulation (TetR, WhiB, two-component system response regulators). tend to have lost most of the genes involved in regulation, and M. leprae also displays this trend. The number of regulatory proteins predicted is roughly one-third of that recorded for M. tuberculosis, as a result of reductive evolution, and details of those remaining are presented in Table 2 .
At the leveI of promoter recognition and transcription initiation controlled by the sigma factors of RNA polymerase, major differences exist between the tubercle and leprosy bacilli and these may explain some of the differences in their physiology. There are 13 sigma factors in M. tuberculosis, 10 of which belong to the extra-cytoplasmic function (ECF) family. 5 Only two of these ECF genes are still functional in M. leprae, sigC and sigE, while the eight others are present as pseudogenes. The sigma-70 family sigma factors SigA and SigB are predicted to be functional, however, whereas the 13th sigma factor gene, sigF, is inactive. It has been found recent1y in M. tuberculosis that the ability to survive at temperatures of 37°C and above is partly controlled by the ECF sigmas E and H, acting through the sigma 70 factor SigB. 20 , 21 ln addition to the heat shock response, loss of sigE also affects resistance to SDS and oxidative stress, and survival in macrophages, zO , 21 The optimal growth temperature of M. leprae is 32°C and this probably explains why the bacterium, which contains a fu11 complement of heat shock proteins, multiplies principa11y in the extrernities of the human body. It is conceivable that mutational inactivation of the sigma factor gene sigH, and possibly others, leads to lowered production of SigB at higher temperatures, and this may have led to M. leprae colonizing cooler regions of the body such as the skin and ears. The interaction of RNA polymerase with the promoter regions of genes is often influenced by repressors or transcriptional activators that ensure expression under defined physiological conditions or in response to availability of a given substrate. ln M. tuberculosis there are > 11 O proteins that have broad regulatory potential and in the leprosy baci11us this number has dwindled to 46, suggesting that the organism resides within a more stable niche than M. tuberculosis (Table 2 ). These regulatory proteins can be classed in the correspond ing farnilies on the basis of the characteristic motifs that they contain and, with one exception, a11 of these farnilies are substantially smaller than those of the tubercle bacillus. The exception is the WhiB family 22 as there are five of these proteins in M. leprae compared to seven in M. tuberculosis ( Table 2 ). The cysteine-rich WhiB proteins, also known as WhmA-G, 23 are confined to the Actinomycetes but in Streptomyces spp. they regulate developrnental processes such as sporulation. Although mycobacteria do not sporulate, the change from exponential growth to persistancy or dormancy can be considered as a differ ent state of development and the whiB2 ortholog of M. smegmatis, whmD, has been found to be essential for septum forrnation and ce11 division. 24 The fact that so many WhiB proteins have been preserved in the face of reductive evolution strongly argues for their playing a major biological role in M. leprae. Bacteria respond to changes in environmental conditions by means of diverse signal transduction systems that control gene expression through phosphorylation of regulatory proteins. These are of two types in mycobacteria, the classical two-component systems, comprising membrane-bound histidine protein kinases and phospho-aspartyl response regulators, 25 and th e eukaryotic-like serine-threonine protein kinase phosphorelay system (STPK). 26 , 27 Of the 11 complete two-component systems present in the tubercle bacillus, only four have been retained by M. leprae together with isolated genes coding for a single histidine protein kinase and a response regulator. One of these systems, mtrAB, is essential for M. tuberculosis and this is almost certain1y true of M. leprae as well. Indeed, one can speculate with confidence that orthologs of the remaining two-component system genes of M. leprae will also prove to be essential in the tubercle bacillus.
Although formal evidence is still lacking, it is highly likely that the STPK, are also involved in signal transduction given their similarity to many other enzymes of the STPK superfamily that play this role. Only four of the 11 STPK genes of M. tuberculosis and the putative phosphoprotein phosphatase (Table 2) , have functional orthologues in M. leprae. Indeed, it has been suggested that three of these genes pknA , pknB and ppp may control the timing of cell division or septation as they occur in an operon with other division genes ? 6 PA THOGENICITY ln some microbes, the combination of genomics and bioinformatics has been of great value in identifying genes for potential virulence factors that augment the degree of pathogeni city, and an excellent example is provided by the genome of the plague bacillus, Ye rsinia pestis ? 8 When bioinformatic tools such as the GC skew 2 9 or dinucleotide bias 30 were applied to this genome, several new pathogenicity or adaptation islands of atypical base composi tion were uncovered. Using similar approaches to investigate the M. leprae genome, no such islands were detected, although they did provide evidence for recent chromosomal rearrangements. 4 Likewise, when database searches were performed few bits to genes for known virulence factors were obtained. Similar observations have been made previously for the tubercle bacillus, 3 1 and it now seems unlikely that any virulence genes were acquired. Instead, it seems more probable that the ability to survive in the macrophage or Schwann cell and hence to persist in the body represent the major deterrninants of pathogenicity. Although our understanding of the initial steps in infection of Schwann cells by M. leprae has improved considerably, thanks to the definition of the roles of laminin-binding protein and phenolic glycolipid 1 in this process, 32 -36 we know little about the ensuing events or mycobacterial persistance in either Schwann cells or macrophages. Nevertheless, although genomics has not pinpointed a handful of potential candidate virulence genes, the sample size has been reduced to a tangible leveI by comparative genomics. A set of -120 genes of unknown function has been defined that are common to both the leprosy and tubercle bacilli but no other sequenced pathogens 4 and this includes the mce genes encoding the cell entry factors 37 , 38 (Table 1) . Testing their role in pathogenesis can now be undertaken by means of surrogate functional genomics.
NOVEL FUNCTIONS, HORIZONTAL GENE TRANSFER ANO IMMUNOOIAGNOSTICS
As outlined above, while most of the M. leprae genes have orthologues in M. tuberculosis, there are several that appear to be unique and may have novel activities. These include hypothetical proteins of unknown function and a number of potential enzymes such as the inorganic pyrophosphatase encoded by ppa, prolyl-tRNA synthetase, a eukaryotic-like uridine phosphorylase, phospho-enol-pyruvate carboxylase, adenylate cyclase, cytochrome P450 and enoyl-CoA hydratase. Furthermore, there are two transport systems that may play significant physiological roles: an ABC-transporter for sugars, and a second Nramp l like protein, possibly involved in divalent metal ion uptake 39 that may offset the apparent absence of a siderophore system. It is probable that the phospho-enol-pyruvate (PEP) carboxylase replaces the pyruvate carboxylase of M. tuberculosis, as this enzyme is missing from M. leprae, and intervenes in the anaplerotic pathways. There is only one cytochrome P450 (ML2088) present in the leprosy bacillus, compared to 20 in M. tuberculosis and, as this enzyme has no counterpart in M. tuberculosis, its function might be specific.
There is evidence that some of these enzymes have been acquired as a result of horizontal gene transfer and this is best illustrated by the prolyl-tRNA synthetase, ProS, which is the sole aminoacyl-tRNA synthetase of M. leprae with no counterpart in M. tuberculosis. Surprisingly, ProS is more similar to the enzymes of Borrelia burgdorferi and to eukaryotes such as Drosophila, humans and yeast. It has been proposed that horizontal transfer of tRNA synthetase genes occurs frequently, and that the pathogen B. burgdorferi may have acquired proS from its host. 40 Comparison of the genetic neighbourhood provides further support for this hypothesis as the M. leprae proS is both displaced and inverted with respect to the M. tuberculosis genome, 4 consistent with recent acquisition. ln this case, the domain structure of the enzyme is indicative of a eukaryotic origin, and the human host appears the most likely candidate. Another example is found in the case of uridine phosphorylase, an enzyme that is not common in bacteria, as the closest relative of the M. leprae protein is that of the mouse.
Ensuring the elimination of leprosy as a public health problem will require both continued implementation of multidrug therapy and improved detection of infected individuais. Diagnosis is difficult in patients with few lesions and accurate information about sub clinical infection is often rare. The identification of proteins that may be specific for the leprosy bacillus opens up new avenues for the development of immunodiagnostic tests possibly of the transdermic kind. ln the post-genomic era it is important that the immuno gellÍcity of these polypeptides be appraised and, if the illÍtial findings are promising, attempts should be made to produce batches suitable for field testing. Determining the genome sequence of M. leprae has taught us much about the biology of the pathogen but it is the application of this new knowledge to disease control that should be prioritized now.
